In the Apennines subduction (Italy), earthquakes mainly occur within overriding plate, along the chain axis. The events concentrate in the upper 15 km of the crust above the mantle wedge and focal solutions indicate normal faulting. In the foreland, the seismogenic volume affects the upper 35 km of the crust. Focal solutions indicate prevailing reverse faulting in the northern foreland and strike-slip faulting in the southern one. The deepening of the seismogenic volume from the chain axis to the foreland follows the deepening of the Moho and isotherms. The seismicity above the mantle wedge is associated with uplift of the chain axial zone, volcanism, high CO 2 flux, and extension. The upward pushing of the asthenospheric mantle and the mantle-derived, CO 2 -rich fluids trapped within the crust below the chain axis causes this seismicity. All these features indicate that the axial zone of Apennines is affected by early rifting processes. In northern Italy, the widespread and deeper seismicity in the foreland reflects active accretion processes. In the southern foreland, the observed dextral strike-slip faulting and the lack of reverse focal solutions suggest that accretion processes are not active at present. In our interpretation of the Apennines subduction, the shallower seismicity of the overriding plate is due to the dynamics (uprising and eastward migration) of the asthenospheric wedge.
Introduction
The seismicity of the Apennines subduction (Italy) concentrates in the overriding plate at shallow (<40 km) depth. Fewer and deeper earthquakes reach 90 km depth and locate below the northern sector of the Apennines chain (Fig. 1) . These features are unusual in subduction settings, where the earthquakes prevalently occur in the downgoing plate or, as in Japan, in both the downgoing and overriding plates [Stern, 2002] .
The geodynamic significance of the crustal seismicity in the Apennines subduction is still poorly known. Most studies focus on relatively small areas to infer the local (~10 2 -10 4 km 2 scale) seismotectonic setting [e.g., Chiaraluce et al., 2004; Eva et al., 2005] , while larger scale studies analyze the whole seismicity of Italy and do not detail the shallow earthquakes of the Apennines. Some authors [Ghisetti and Vezzani, 2002; Chiodini et al., 2004] discuss the role of the CO 2 degassing in triggering the seismicity of the Apennines. In these studies, however, the relationship among CO 2 degassing, volcanism, and the geodynamic evolution of the Apennines and surrounding regions is not analyzed.
Here we study the spatial distribution and focal solutions of the crustal earthquakes that occurred in the Apennines and surrounding regions in the 1981-2002 period. We merge these data with tomographic images, CO 2 measurements, depth of the Moho, stress and GPS measurements, and geochemical features of the Quaternary volcanism. The processes responsible for the Apennines seismicity are investigated and a geodynamic model of the Apennines subduction is proposed. 
Geodynamic setting
The Neogene Apennines fold-and-thrust belt represents the accretionary wedge of a subduction zone that includes the Tyrrhenian back-arc and the Adriatic-Apulian foreland and foredeep (Fig. 1A, B) . From Tortonian times, the thrust front migrates northeastward due to the rollback of a west dipping slab and the back-arc opened to the west [Malinverno and Ryan, 1986] . The Apennines belt consists of two main segments: the arc-shaped Northern Apennines, and the NW-SE striking Southern Apennines (Fig. 1A) . This different configuration reflects the larger hinge rollback rate of the northern, 70 km thick Adriatic lithosphere with respect to the southern, 110 km thick, Apulian lithosphere [Doglioni et al., 1994] . The Late Pliocene- [Montone et al., 2004; Bartolini et al., 2003; Chiodini et al., 2004] . This extension is responsible for the NW-SE striking normal faults that affect the axial zone of the Apennines and bound the main intermountain basins. Compression is confined in the foreland. The Adriatic foreland is subsiding from Pleistocene times whereas the Apulian foreland is uplifting (Fig. 2) [Doglioni et al., 1994] .
The crustal thickness increases from 15 to 25 km moving from the Tyrrhenian Sea to the chain axis, and reaches 30-35 km in the foreland ( [Locardi and Nicholich, 1988; Finetti et al., 2001; Tiberti et al., 2005] . According to shear wave attenuation studies [Mele et al., 1997] , surface wave tomography [Panza et al., 2003] , and gravity data [Tiberti et al., 2005] , this doubling of Moho is interpreted as a 'soft' asthenospheric wedge intruding between 4 the downgoing Adriatic plate and the overriding plate. CO 2 flux data [Chiodini et al., 2004] indicate that the inner and axial sectors of the Apennines are affected by a diffuse degassing (areas with CO 2 flux> 0.5 td -1 km-2 in Fig. 2 Tomographic images of the Apennines-Tyrrhenian Sea region [Piromallo and Morelli, 2003 ] show a subvertical, W-dipping slab beneath the chain (Fig. 1B) [1999] and Carminati et al. [2002] propose that the rollback is still active. Following this interpretation, the lack of deep seismicity below the Apennines is due to ductile deformation of the quartz-feldspar rich subducting continental lithosphere coupled to low subduction rates and to a 'hot' asthenospheric mantle wedge.
The deep (up to 500 km) seismicity of the Southern Tyrrhenian Sea-Calabrian Arc region (Fig. 1A) , and the calcalkaline character of the volcanism, is due to the active rollback of a NWdipping slab. The profile B-B' crosses the central part of the Northern Apennines (Fig. 2 ). Sparse shallow (depth <15-20 km) seismicity characterizes the western half of the section (Fig. 4) . In the eastern half, two major seismic zones occur at different depths. The shallower one extends from 75 to 105 km along the profile and locates on the chain axis to a depth of 15 km, above the 6 mantle wedge. At the eastern tip of the mantle wedge, the deeper cluster between 105 and 125 km along the profile, occurs in the foreland and extends in depth from 20 to 30-35 km. The focal solutions indicate shortening in the Adriatic foreland between 10 and 30 km depth. In the inner sectors of the Apennines, microearthquake focal mechanisms [Eva et al., 2005] show thrust solutions below 10 km depth, but indicate normal motion along NW-SE faults within the uppermost 10 km.
The profile C-C' locates at the southern end of the Northern Apennines (Fig. 4) . Areas with gaps and dense seismicity characterize this profile. The major cluster, between 80 and 100 km along the profile, occurs at a depth shallower than 15 km and is located where the CO 2 flux abruptly decreases, above the Moho doubling zone. This cluster includes a sequence that occurred in 1997 (M l max = 5.8) and was driven by a coseismic fluid pressure pulse of a deep source of a trapped high-pressure CO 2 reservoir [Miller et al., 2004] . The rupture mechanisms of these earthquakes are prevalently normal (Fig. 4) ; the only available focal solution in the foreland indicates reverse faulting.
The profile D-D' is at the boundary between the Northern and Southern Apennines (Fig. 2 ).
The westernmost cluster is at depth <15 km and locates where the CO 2 flux vanishes, above the Moho doubling zone ( [2005], this compression is responsible for right-lateral strike-slip deformation along E-W faults.
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In the section E-E' (Fig. 2 and Fig. 5) Fig. 3 ). This is responsible for the normal faults along the chain axis. In the outer margin of the northern belt and in the Adriatic foreland, the stress regime becomes compressive and the maximum compression axis is perpendicular to the arc curvature, where the major thrusts are mapped. The geodetic shear strain [Hunstad et al., 2003 ] reported in Fig. 3 is consistent with the above described stress distribution along the chain axis and in the foreland. In the southern sector of the chain, a remarkable change from extension to transcurrent regime occurs at the thrust front and in the Apulian foreland, mainly along E-W dextral strike-slip faults. The focal mechanisms in the southern profiles (D-D' and E-E' in Fig. 5 ) demonstrate this transition from west to east occurring around 15-20 km depth. In the outer margin of the chain, the axis of maximum compression varies from NE-SW in the north to NW-SE in the south (Fig. 3) . 
Discussion
The spatial distribution of the Apennines earthquakes indicates that the crustal seismicity concentrates in the chain axis (Fig. 1) . In the foreland, seismicity occurs in relatively restricted areas. The distribution of hypocenters (Figs.1, 2 , 4 and 5) shows an absolute maximum at 5-7 km depth and a second-order maximum at 20-25 km. The first one links to the earthquakes occurring along the chain axis, within the overriding Tyrrhenian plate, whereas the second one relates to the events in the foreland, within the downgoing Adriatic-Apulian plate. As a result, the hypocenters deepen from the chain axis to the foreland. The 500°C isotherm, which roughly marks the brittleductile transition within the crust [Ranalli and Murphy, 1987] , displays a similar behaviour (Fig. 3) . As suggested by Ghisetti and Vezzani [2002] for the Northern Apennines, the CO 2 released from the mantle wedge uprises along low permeability, presently inactive Pliocene thrusts. Overpressure within these traps may favour earthquakes and normal faulting [Chiodini et al., 2004; Miller et al., 2004] .
In the Apennines, the coexistence of (a) seismicity and normal faulting concentrated along the chain axis, (b) uplift, (c) volcanism, and (d) diffuse CO 2 degassing, call for an active, early rifting process. We propose that this rifting process of the Apennines axial zone is due to the uprising of the mantle wedge, which is the main source of the CO 2 -rich fluids. In this frame, we believe that the shallower seismicity of the chain reflects the response of the continental crust to the dynamics of the underlying asthenospheric mantle. According to this interpretation, the geochemical features of the Plio-Quaternary volcanism of the inner sectors and axial zone of the Apennines (Vulture and volcanoes of Latium, Tuscany, Umbria, and Campania in Fig. 2 [Peccerillo and Lustrino, 2005] . The EM source is interpreted as a mantle source modified by the addition of subducted crustal material, whereas the HIMU source reflects homogeneous asthenospheric melts. Therefore, we suggest that the composition of the mantle wedge beneath the chain results from the mixing of melts modified by subduction processes and newly added asthenospheric melts. The volcanic and CO 2 diffuse degassing zone of the Apennines is located above the mantle wedge, in the sector of the subduction where the maximum compressive stress is vertical (see Figs. 3, 4 and 5) . To the east of the degassing zone, volcanoes are absent and the CO 2 flux decreases abruptly (Fig. 2) . Here, the maximum compressive stress is horizontal (Figs. 3, 4 and 5). This structural configuration well agrees with that resulting from numerical models of volcanic fronts in subduction zones [Furukawa, 1993] . According to these models, we propose that the occurrence of (a) a vertical maximum compressive stress in the mantle wedge and (b) a large deviatoric stress in the axial zone of the Apennines allows the growth of vertical cracks along which the magma may uprise to the surface. In the Adriatic and Apulian foredeep/foreland region, the maximum compressive stress becomes horizontal, and the uprising of magma and CO 2 -rich fluids is not allowed.
The uprising of the asthenospheric wedge and the compositional features of the mantle beneath the Apennines are consistent with models of slab rollback [Doglioni, 1991; Gvirtzman and Nur, 1999] , which show a suction of asthenospheric material within the wedge. Accordingly, the eastward and upward pushing of the asthenosphere is responsible for the uplift and crustal thinning of the Apennines, as suggested by Doglioni et al. [1999] , and, along with the CO 2 flux, for the crustal seismicity and extension along the chain axis (Figs. 2, 4 and 5). In this picture, we suggest that the deeper (up to 35 km) compressive earthquakes occurring at the eastern tip of the mantle wedge may reflect the local shortening of the crust in the Adriatic foredeep (e.g., section B-B' in Fig. 4) . Away from the mantle wedge, the 10 to 35 km deep thrust-type earthquakes in the subsiding Adriatic foreland reflect active accretion processes. The thickness of the seismogenic volume in the Adriatic foreland is consistent with results from rheological models [Carminati et al., 2002] , which estimate a thickness of the brittle layer in the downgoing plate at ~ 35-40 km.
To the south, in the uplifting Apulian foreland, focal solutions ( Fig. 3 and 5) and information from local studies [Di Luccio et al., 2005a,b; Milano et al., 2005] indicate prevailing dextral movements along E-W shears in response to a NW-SE compression. According to Chilovi et al. [2000] , these shears represent inherited Mesozoic structures reactivated as dextral faults from Pleistocene times. The inferred direction of compression, which is parallel to the thrust front of the Southern Apennines, and the lack of reverse focal mechanisms along the chain axis allow us to conclude that the northeastward migration of the Southern Apennines thrust front is, at the present, locked. In this picture, the kinematics of the E-W shears in the Apulian foreland, where the thrust fronts of the Southern and Northern Apennines converge (Fig. 1) , is due to the active northeastward propagation of the Northern Apennines front, whereas the Southern Apennines front is inactive. We propose that accretionary processes in the Southern Apennines are virtually ceased. In addition, the geochemical features (HIMU-like source) of the Vulture volcano (Figs. 2 and 5), which is located at the boundary between the Southern Apennines external front and the foredeep, indicate a mantle inflow from the Adriatic plate [De Astis et al., 2006] . This feature, along with the lack of intermediate/deep earthquakes and the occurrence of a slow velocity zone between 100 and 200 km of depth below the Southern Apennines [Piromallo and Morelli, 2003 and references therein] suggests the presence of a 'window' in the Adriatic plate from which melts may uprise and differentiate within the overriding plate.
Conclusions
We conclude that the shallow seismicity of the Tyrrhenian-Apennines-Adriatic subduction zone is related to the dynamics of the underlying mantle wedge. At the eastern tip of the wedge, from Locardi and Nicolich [1988] . CO 2 flux is from Chiodini et al. [2004] . [ 2004] . The eastern boundary of the mantle wedge is from Panza et al. [2003] . Geodetic strain is from GPS measurements [Hunstad et al., 2003] . (CROP-03 modified from Finetti et al., 2001 ) is also projected. CO 2 flux is from data of Chiodini et al. [2004] and 500°C isotherm is from Della Vedova et al. [2001] . For the Adriatic and
Tyrrhenian isobaths see Fig. 2 and corresponding caption. [2004] and 500°C isotherm is from Doglioni et al. [1996] . For the Adriatic and Tyrrhenian isobaths see Fig. 2 and corresponding caption.
